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ηB =
number of links · datarate (bit/s)
total bandwidth (Hz)
=
throughput (bit/s)
total bandwidth (Hz)
>*#*@
 
 	 	  ηB 
 6		  	 
5	 	B	2 
	  	$
 6		   E 	9	
  	2 552 	 
	
  0
08 
	 
5	 	B	2 
 
	  	 5$$5 
M/F .* F1N#  
 	

 3	 32
 

	   	
   ?;) 5	$
	  	 
	 	9	2 	  
 	  3 
	 
 74	 
	 	   	 		 	3#
87	 
 	7	 
 	   	    
	  			 
	  		2 
	#   	 	45	

	 
 	  	3		 	 	3
5  	 		 53	 
5"
ηE =
total amount of data delivered (bit)
total energy consumed (W · s) =
throughput (bit/s)
average power (W)
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Destination node 
B
BUSY CW Node D sets NAV according to RTS
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Receiving
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Nodes C and H set NAV according to CTS
Receiving
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Receiving DATA
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BUSY CW RTS_A
DIFS
BUSY CW CTS_B
SIFS SIFS SIFS
DATA_A
ACK_B
Source node 
A
Destination node 
B
BUSY CW
The exposed 
node D
Receiving
RTS_A
Receiving
CTS_B
Sets NAV according to the RTS_A
Receiving
ACK_B
Receiving DATA_A
DATA_D
BUSY CW
The neighboring 
node G
Receiving DATA_D
Receiving
ACK_G
ACK_G
Note: 1. DATA_D is sent if the medium access of D is only prohibited by RTS_A
4-way
2-way
2. ACK_G is sent if G can access the medium as usual as in CSMA/CA
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AFbroadside = | cos[π2 · sin θ · cosφ]|
AFendﬁre = | sin[π2 · sin θ · cos φ]|,
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Udipole(θ,φ) = [
cos(π/2 · cos θ)
sin θ
]2, >F#F@
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Ubroadside(θ,φ) = [
cos(π/2 · cos θ) cos(π/2 · sin θ · cosφ)
sin θ
]2, >F#G@
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Resource 
efficiency
• 6 RF transceivers
• 6 baseband units
• 1 multi-processor MAC   
controller
six- sector MDA system 
+ MDA- MAC, PM
• 1 RF transceivers
• 1 baseband unit
• 1 MAC controller
• Few additional components
SSB system + 
SSB-MAC
• 1 RF transceiver
• 1 baseband unit
• 1 MAC controller
Single antenna omni
directional system + 
CSMA/CA
Hardware complexity
Average 
power 
consumption
Network 
throughput
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SP3T RF switch Evaluation Board
In-phase RF 
Combiner / Divider 
Evaluation Board
upper-layer 
software
RF transceiver 
Development Kit
RF
switching command 
(SWCMD)
CC2400
4-wire SPI, for 
control logic and data
via PCI slot
USB cable, only used to load the FPGA firmware for CC2400 kit 
CC2400DK
RAPTOR2000
SSB Processing Unit
SMA 
connector 
(male) RF 
cable
SMA 
connector 
(fmale)
single antenna
or SSB
other control signals
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antenna with SMA 
connector, can be 
replaced by the 
SSB module
CC2400EM, daughter 
evaluation module
CC2400 chip
power lines
USB port
CC2400EB, mother 
evaluation board
test port 1, 
connecting to 
RAPTOR2000
test port 2, duplicating 
test port 1, only for 
signal measurements
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The 6-element
antenna array
PCI-based
RAPTOR2000
SPI cable
Evaluation board 
for RF switch
CC2400 kit
Two control lines 
for the switching 
command
The USB cable only for 
loading the firmware
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monotonic dynamic range
such abnormal points may lead to 
incorrect comparison results
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Update SWCMD
monitor carrier
maximally 30µs
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Update SWCMD
monitor carrier
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Preamble
28 Bytes
Preamble
4 Bytes
Sync
4 Bytes
                            Read
                            FIFO interval
224 µs 32 µs 32 µs 1.8 ms 25 µs  ~ 48 ms  
 
over-the-air @ 1 Mbps
over SPI @ 8.33 Mbps
Data
225 Bytes
RXORSS PCS
RSSI
settling
read
RSSI
30 µs 2 µs
RSSI
settling
read
RSSI
30 µs 2 µs
RSSI
settling
read
RSSI
30 µs 2 µs
…...…...
PCS_N
PKT t0 should appear 
within this duration
incorrect t0 appears in this 
duration due to interference
Interval between packets
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DATA
CSn_SIG <= '0'
NEXT_COUNTER
<= 0
IDLE
CSn_SIG <= '1'
NEXT_COUNTER
<= 0
SEND = '1'
CSn_SIG <= ’0’
SEND = '0'
BUSY_S = '0'
 COUNTER = 2
RESET_N = '0'
BUSY_S = '1'
WAIT_3
CSn_SIG <= '0'
NEXT_COUNTER
<= COUNTER +1
BUSY_S
CLK_IN
CLK_OUT
CSn
SPI_RF_CTRL
RESET_N
CLK
RESET_N
BUSY_S CSn
SCLK
COUNTER /= 2
SENDSEND
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RESET_N = '0'
IDLE_1
  
RSSI_R = ’1’
& ORSS = ’1’
RSSI_R = ’0’
& ORSS = ’1’
SENDING
SEND <= '0'
COUNTER /= 2
& VOR_LAST_BIT = '1'
VOR_LAST_BIT = '0'
LOAD
SEND <= '1'
NEXT_COUNTER
<= COUNTER +1
COUNTER = 2 &
VOR_LAST_BIT = '1'
WAIT_1
READ <= ’1’
ORSS
PCS_NS
RSSI_R
READ
D
SWITCH
D0
MUX_1SEL
DIN DOUT
CLK
RESET_N
SEN0
SEN1
EM0EM1
8
8
8
VOR_LAST_BIT
IDLE
Normal operation for 
strobe command and 
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1st ORSS process is initiated 
by the first long interference
2nd ORSS process is initiated 
by the second long interference
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9 ORSS processes are 
initiated by interference
the user signal 
appears here
The last ORSS process is 
performed on the user signal
4	 5
 ? 	4	52 != 5	

  	 		 3 				#
 .- $$	; 5 ""' 	 1	 ("1) #$#	 	
approx.
288us
PCS_N
PKT
CSn
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The ORSS process 
performed on the user signal
The sensed signal is recognized 
as interference since no active 
PKT appears in time
The sensed signal is recognized as 
interference since active PCS_N 
disappears
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xRF(t) = xi(t) cos(2πfRFt)− xq(t) sin(2πfRFt), >(#*@
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XRF(f) =
1
2
[Xi(f − fRF) + Xi(f + fRF)]− 1
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[Xq(f − fRF)−Xq(f + fRF)]. >(#,@
 	 3 3	 3 7
 		 
 			 	9	2 >@ 
 3 	
5
	 
  	 $  K$	 	
5		2# ?
 	
	  :
	 ,#*#, 	
$	  
 xIF,I(t)  	 K$	  
 xIF,Q(t) 	 	 
 	2
2 	 
	 
	 

# )	 3	 3 552 	 2 
 5	

 
	2 	 	 3 	
# 2 3	 3 
52 	
	 	 	 
  	2  !  
	# )	 5$	
 
 A
  		
	 5	

 
	 	
5 3$	
 		 	2 
	 	 
 55		
 	
	
	3#
/  $  
 +

)	 	 
  	 	2	 ! 
 xRF(t− τ) 
 XRF(f) · e−j2πfRFτ  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XIF,I(f) · e−j2πfτ = [12Xi(f + fIF) + 12jXq(f + fIF)] · e−j2πfτ · ej2π(fRF−fIF)τ
+ [1
2
Xi(f − fIF)− 12jXq(f − fIF)] · e−j2πfτ · e−j2π(fRF−fIF)τ .
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xIF,I(t− τ) = xi(t− τ) · cos[2π(fIFt− fRFτ)]− xq(t− τ) · sin[2π(fIFt− fRFτ)]. >(#F@
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XIF,Q(f) · e−j2πfτ = j[12Xi(f − fIF)− 12jXq(f − fIF)] · e−j2πfτ · e−j2π(fRF−fIF)τ
− j[1
2
Xi(f + fIF) +
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Xq(f − fIF)] · ej2πfτ · e−j2π(fRF+fIF)τ .
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xIF,Q(t− τ) = −xi(t− τ) · sin[2π(fIFt− fRFτ)]−xq(t− τ) · cos[2π(fIFt− fRFτ)]. >(#/@
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xRF,analy(t) = xRF(t) + jxˆRF(t), >(#H@
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XRF,analy(f) = 2U(f) ·XRF(f), >(#.@
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XRF,analy(f) = Xi(f − fRF) + jXq(f − fRF). >(#+@
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xRF,analy(t) = [xi(t) + jxq(t)] · ej2πfRFt. >(#*-@
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xIF,analy(t− τ) = xRF,analy(t− τ) · e−j2π(fRF−fIF)t
= [xi(t− τ) + jxq(t− τ)] · ej2π(fIFt−fRFτ). >(#**@
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xIF,I(t− τ) = xi(t− τ) · cos[2π(fIFt− fRFτ)]− xq(t− τ) · sin[2π(fIFt− fRFτ)], >(#*,@
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xIF,Q(t− τ) = xi(t− τ) · sin[2π(fIFt− fRFτ)] + xq(t− τ) · cos[2π(fIFt− fRFτ)]. >(#*1@
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xBB(t− τ) = [xi(t− τ) + jxq(t− τ)]e−j2πfRFτ . >(#*F@
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